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Abstract
Short range correlations (SRC) have been known to be an important aspect of nuclear theory for some time. Recent works have
re-ignited interest on this topic, particularly due to the fact that it has recently been demonstrated that SRC may be responsible for
breaking pairing gaps in nuclear matter. In this work we revisit the concept of SRC for beta equilibrated matter in neutron stars. We
construct two equivalent models, with and without SRC and proceed to investigate the thermal evolution of stars described by such
models. We show that SRC play a major role in the thermal evolution of neutron stars. It will be shown that while the SRC largely
leaves the macroscopic properties of the star unaltered, it significantly alters the proton fraction, thus leading to an early onset of
the direct Urca (DU) process, which in turns leads to stars exhibiting much faster cooling.
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1. Introduction
Claims that the pairing interaction plays an important role
in astrophysics are very common. In fact, superfluidity has been
investigated both in infinite nuclear matter and finite nuclei [1]
and it is a key ingredient in the neutron star cooling process
[2–10]. On the other hand, short-range correlations (SRC) have
also become a hot topic recently [11, 12] and one of the reasons
for the new enthusiasm on an old topic is the fact that SRC can
be responsible for breaking the pairs around the Fermi surface
and hence, reduce the pairing gap mechanism [13, 14].
One of the experiments used to probe the existence of the
short-range correlations took place in the Thomas Jefferson Na-
tional Accelerator Facility (JLab), and it was concluded that
the high energy incident beams of protons, or electrons, in the
12C nucleus, give rise to ejected nucleon pairs [15] submitted
to the short-range correlations (SRC) [11, 12, 16–27]. It was
found that about 20% of the nucleons in the 12C nucleus form
such correlated structures. Among them, 90% are composed
by the np pair with the remaining nn and pp pairs divided into
5% for each one of them. The dominance of the correlated np
pair is also observed in experiments involving 27Al, 56Fe and
208Pb nuclei [28].
Effects of short range correlations on infinite nuclear matter
equations of state (EOS) are known not to be negligible for a
long time [29]. The very same kind of EOS, obtained from rel-
ativistic models, are often used to describe neutron star matter
and as input to the analyses of the star cooling process.
In the present work, we explicitly include SRC in a relativis-
tic mean field model and later analyze the effects on the ther-
mal evolution of neutron stars. For this purpose we proceed to
calculate the macroscopic properties of stars in two equivalent
models, with and without SRC. The family of stars constructed
is then used in thermal evolution calculations. As we will see
SRC play a major role in the thermal history of neutron stars.
As of the writing of this letter, and to the best of or knowledge
this is the first study of this nature.
2. Short-range correlations in a relativistic mean-field model
From the theoretical point of view, a direct effect of the SRC
in the nucleon dynamics is the change in its momentum distri-
bution function, n(k). For our study, we closely follow the struc-
ture for n(k) proposed in Ref. [30], namely, nn,p(kF , y) = ∆n,p
for 0 < k < kF n,p, and nn,p(kF , y) = Cn,p(kF n,p/k)4 for kF n,p <
k < φn,pkF n,p. The proton fraction is given by y = ρp/ρ, with
ρp being the proton density and ρ = 2k3F/(3pi
2) the total one.
The ∆n,p constants, namely, the depletion of the Fermi sphere
at zero momentum [31–33], are written in terms of Cn,p and φn,p
as ∆n,p = 1− 3Cn,p(1− 1/φn,p), where Cp = C0[1−C1(1− 2y)],
Cn = C0[1 + C1(1 − 2y)], φp = φ0[1 − φ1(1 − 2y)] and φn =
φ0[1+φ1(1−2y)]. Analysis of d(e, e′, p) reactions and medium-
energy photonuclear absorptions allowed to determine the value
of C0 = 0.161 [34]. Constraints from nuclear many-body the-
ories and the equations of state of cold atoms under unitary
condition were used to find Cn in pure neutron matter equal to
0.12, consequently resulting in C1 = −0.25 [34]. Furthermore,
φ0 = 2.38 was found from systematic investigation of (e, e′) re-
actions and data from two-nucleon knockout reactions, as also
described in Ref. [34]. As in pure neutron matter φn was found
to be 1.04, it was also possible to determine φ1 = −0.56 [34].
The structure given by nn,p is used in the equations of state
obtained from the following Lagrangian density [30, 35–38],
L = ψ¯
(
iγµ∂µ − Mnuc
)
ψ + gσσψ¯ψ − gωψ¯γµωµψ
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in which Fµν = ∂µων − ∂νωµ and ~Bµν = ∂µ~ρν − ∂ν~ρµ. Here, ψ
is the nucleon field and σ, ωµ and ~ρµ represents the fields of
the mesons σ, ω and ρ, respectively. We also used the stan-
dard masses of Mnuc = 939 MeV (nucleon rest mass), mω =
782.5 MeV, mρ = 763 MeV and mσ = 500 MeV. By using
mean-field approximation in order to solve the field equations
of motion we find m2σσ = gσρs − Aσ2 − Bσ3, m2ωω0 = gωρ −
Cgω (gωω0)3−α′3g2ωg2ρρ¯20(3)ω0, m2ρρ¯0(3) = gρρ3/2−α′3g2ωg2ρρ¯0(3)ω20
and [γµ(i∂µ − Vτ) − M∗)]ψ = 0, where it is used the expecta-
tion values of the fields, namely, σ, ω0 (zero component) and
ρ¯0(3) (isospin space third component). Furthermore, one has
Vτ = gωω0 +gρρ¯0(3)τ3/2, ρ = 〈ψ¯γ0ψ〉= ρn +ρp, ρ3 = 〈ψ¯γ0τ3ψ〉=
ρp − ρn = (2y − 1)ρ, and ρs = 〈ψ¯ψ〉= ρs p + ρsn, with
ρsn,p =
γM∗∆n,p
2pi2
∫ kF n,p
0
k2dk(
k2 + M∗2
)1/2
+
γM∗Cn,p
2pi2
∫ φn,pkF n,p
kF n,p
(
kF n,p
k
)4 k2dk(
k2 + M∗2
)1/2 .(2)
The effective nucleon mass is defined by M∗ = Mnuc − gσσ,
the degeneracy factor is γ = 2 for asymmetric matter, and
τ3 = +1(−1) for protons (neutrons).
The energy-momentum tensor Tµν, calculated from the La-
grangian density in Eq. (1), yields the energy density and the
pressure of the asymmetric system, since  = 〈T00〉 and P =
〈Tii〉/3. These quantities are given, respectively, by
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with the following kinetic contributions:

n,p
kin =
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2pi2
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The chemical potentials for protons and neutrons are obtained
from the general definition µn,p = ∂/∂ρn,p, giving rise to µn,p =
µ
n,p
kin(SRC) + ∆n,pµ
n,p
kin + gωω0 ± gρρ¯0(3)/2, with the sign + (−) for
protons (neutrons). Here, µn,pkin = (k
2
F n,p + M
∗2)1/2 and
µ
n,p
kin (SRC) = 3Cn,p
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2
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kF n,p +
(
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)1/2
 . (7)
Since the thermodynamics of the system is completely de-
fined, it is possible to determine the coupling constants of the
model, namely, gσ, gω, gρ, A, B, C and α′3. In order to pro-
ceed with this calculation, we use the following bulk parame-
ters: ρ0 = 0.15 fm−3 (saturation density), B0 = −16.0 MeV
(binding energy), M∗0/Mnuc = 0.60 (ratio of the effective mass
to the nucleon rest mass), K0 = 230 MeV (incompressibility),
J = 31.6 MeV (symmetry energy) and L0 = 58.9 MeV, where
B0 = E(ρ0) − M, M∗0 = M∗(ρ0), K0 = 9(∂p/∂ρ)ρ0 , J = S(ρ0),
and L0 = 3ρ0(∂S/∂ρ)ρ0 , with S(ρ) = (1/8)(∂2E/∂y2)|y=1/2 and
E(ρ) = /ρ. In table 1, we show the values of the coupling con-
stants of the model with and without the implementation of the
SRC.
Table 1: Coupling constants of the model determined by fixing some bulk pa-
rameters (see text). Results with and without inclusion of SRC. The remaining
constant is fixed as C = 0.005 for both descriptions.
Coupling constant Value (with SRC) Value (without SRC)
gσ 10.5550 10.4301
gω 12.3443 13.5478
gρ 15.4069 11.1935
A/Mnuc 2.96396 1.77118
B −29.8233 3.92522
α′3 0.00800924 0.0631432
In order to study the neutron star cooling it is necessary to
impose charge neutrality and β-equilibrium to the system since
we take into account the weak process and its inverse reaction,
namely, n → p + e− + ν¯e and p + e− → n + νe, respectively.
Here we consider stellar matter composed by protons, neutrons,
electrons and muons, with the last particles emerging at den-
sities for which the electron chemical potential (µe) exceeds
the muon mass (mµ = 105.7 MeV). In our approach, neutri-
nos are assumed to escape due to their small cross-sections.
This leads to the following conditions upon chemical poten-
tials and densities: µn − µp = µe = µµ and ρp − ρe = ρµ,
where ρµ = [(µ2µ − m2µ)3/2]/(3pi2) and µe = (3pi2ρe)1/3. The total
energy density and pressure of β-equilibrated stellar matter is
then given by E =  + e + µ and P = p + pe + pµ, respectively.
This specific EOS is show in Fig. 1a. Some neutron star proper-
ties, such as its mass-radius profile, can be found by solving the
Tolman-Oppenheimer-Volkoff (TOV) equations [39, 40]. Such
a diagram is displayed in Fig. 1b.
The bulk parameters and their values used here to calibrate
the coupling constants are the same studied in Ref. [30]. How-
ever, the output values of our couplings are different from those
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Figure 1: Stellar matter constructed from the relativistic model with (SRC) and
without (RMF) the inclusion of short-range correlations. (a) Total pressure as a
function of total energy density. (b) Neutron star mass-radius diagram.
of Ref. [30] because we choose to fix C = 0.005 instead of
C = 0.01. In Ref. [30], the choice of the latter number im-
plies a maximum neutron star mass of Mmax = 1.87M and
Mmax = 1.74M, respectively, with and without the inclusion of
SRC. These numbers do not satisfy the limits related to the PSR
J1614-2230 [41] and PSR J0348+0432 [42] pulsars, namely,
(1.97 ± 0.04)M and (2.01 ± 0.04)M, respectively, neither the
more recent prediction of 2.14+0.20−0.18M (2.14
+0.10
−0.09M) at 95.4%
(68.3%) credible level from the MSP J0740+6620 pulsar [43].
For this reason we choose to redefine the C parameter in order
to make the model compatible with these predictions. Since it
is know that the decreasing of this parameter leads to a maxi-
mum neutron star mass increasing [44], we use here C = 0.005.
This modification implies in a model presenting Mmax = 2.04M
and Mmax = 1.96M with and without SRC effects included, re-
spectively. Notice that the effect of the SRC is to increase even
further the maximum mass, as pointed out in Ref. [30]. The
change in the C parameter does not modify this feature.
3. Neutron star cooling formalism
We now investigate how the SRC influence the thermal evo-
lution of neutron stars. We recall that the thermal evolution
of a compact star is given by the general relativistic equations
for thermal energy balance and transport, that can be written as
[45–47]
∂(le2φ)
∂m
= − 1E√1 − 2m/r
(
νe2φ + cv
∂(Teφ)
∂t
)
, (8)
∂(Teφ)
∂m
= − (le
φ)
16pi2r4κE√1 − 2m/r . (9)
In order to solve Eqs. (8)-(9) one needs to combine informa-
tion from the micro and macroscopic realms. The microscopic
model provides information about the density/Fermi momen-
tum/effective mass of all particles within the star which in turn
can be used to calculate the specific heat, thermal conductiv-
ity and neutrino luminosity. The macroscopic information, ob-
tained from solving the TOV equations furnish us with mass,
radius and curvature information, as well as the spatial distri-
bution of the aforementioned microscopic properties. One also
needs boundary conditions, which is given by the vanishing lu-
minosity at the star center (which is evident as at r = 0 there
is no heat flow) and by the thermal properties of the star at-
mosphere [48–50]. In this work we consider the simplest at-
mosphere possible, without strong magnetic field and without
accreted matter due to fallback.
With all micro and macroscopic data, as well as the proper
boundary conditions we perform numerical calculations to ob-
tain detailed solution to Eqs. (8)-(9) for neutron stars cover-
ing a wide range of masses in both the RMF and SRC models.
We note that all possible neutrino emissivities processes are ac-
counted for, most prominent of which is the direct Urca (DU)
process, modified Urca process (MU) and Bremsstrahlung (BR)
process (all of which takes place in the star core). For a detailed
review of such processes we refer the reader to [6, 51].
Particular attention must be given to the DU process - as
it is significantly more powerful than other neutrino emission
processes. The DU process consists of the neutron beta decay
(n→ p + e−+ ν¯) and proton electron capture (p + e− → n+ν).
It has a very large luminosity (∼ 1027(T9)6 erg/cm3s), although
it can only take place if the triangle inequality k f n 6 k f p + k f e
is satisfied. This generally mean that it will only occur for high
enough proton fractions (usually ∼ 11 − 15% [50, 52]). This
is particularly important for the work presented in this paper, as
the SRC will substantially modify the proton Fermi momentum,
which subsequently modify the proton fraction within the star.
Thus, as we will discuss below, the inclusion of the SRC can
lead to substantially different cooling properties, even though
the overall macroscopic properties of the star (mass, radius) and
bulk properties of the model are not too different.
4. Results
We now show the thermal evolution of stars described by
the microscopic models discussed in the previous sections. We
show the cooling of stars with different masses, representative
of the families shown in Fig. 1. The thermal evolutions of such
stars are plotted in Figs. 2 - 3
The results depicted in Figs. 2 - 3 clearly show a signifi-
cant difference in the qualitative cooling behavior of such stars,
which is somewhat surprising given that both models have sim-
ilar bulk properties, namely, ρ0 = 0.15 fm−3, B0 = −16.0 MeV,
M∗0/Mnuc = 0.60, K0 = 230 MeV, J = 31.6 MeV and L0 =
58.9 MeV. This indicates that the mere presence of short-range-
correlations is enough to cause a significant deviation in the
cooling nature of the star (especially for more massive stars).
We can see that in the absence of short range correlations (RMF
model) stars with masses up to ∼ 1.6M exhibit slow cooling.
Stars above this mass start to allow for the DU process, lead-
ing to a fast cooling behavior. The inclusion of short-range-
correlations (SRC model) drastically change this, and all stars
in the model allow the DU process.
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Figure 2: Redshifted surface temperature evolution for the RMF model. The
labels indicate the masses of the star in solar masses
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Figure 3: Same as Fig. 2 but for the short-range-correlation (SRC) model.
The behavior exhibited by stars with SRC indicates that the
threshold above which the DU is allowed is drastically reduced
by the presence of SRC. This indicates that Fermi momentum
of the particles that take place in the DU process should be dras-
tically different between the RMF and SRC models. This is
confirmed by Figs. 4-5 where we show the neutron and proton
Fermi momentum as a function of density for the two models
studied.
While Fig. 4 shows us that (at the same density) the neutron
Fermi momentum is slightly smaller for the model with SRC,
there is an equivalent increase in the proton Fermi momentum.
Such interchange leaves the baryon density unchanged but sig-
nificantly increases the proton fraction for the SRC model, thus
leading to an early onset of the DU process. This is confirmed
by Fig. 6 where we see the proton fraction as a function of den-
sity - which shows a significantly higher proton fraction for the
SRC model.
5. Summary and concluding remarks
In this work we investigated the influence of SRC on the
cooling of neutron stars. For that purpose, we based our study
on a relativistic mean field model with SRC phenomenology
firstly implemented in Ref. [30]. Basically, the modification in
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Figure 4: Neutron Fermi momentum as a function of baryon density for the
model with (SRC) and without short-range-correlations.
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Figure 5: Same as Fig. 4 but for the proton Fermi momentum.
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Figure 6: Proton fraction as a function of relative baryon density for the model
with short-range-correlations (SRC) and without (RMF).
the RMF model comes from the momentum distribution func-
tion, n(k), that now takes into account a high momentum tail in
4
which n(k) depends on k as n(k) ∼ k−4 for values greater than
the Fermi momentum. The change in n(k) results in the split
of the momentum integrals present in the energy density, pres-
sure and scalar density of the model into two parts, as one can
see in Eqs. (2) to (4). As in Ref. [30], we also fixed the bulk
parameters of the model in the same values, as already men-
tioned. However, we fixed the coupling constant C to the value
of 0.005 instead of C = 0.01 previously used in Ref. [30] be-
cause this new value ensures the model presents Mmax = 2.04M
and Mmax = 1.96M with and without SRC effects, respectively
(see Fig. 1), in agreement with the limits of recently detected
pulsars.
This study has demonstrated that short range correlations
play an important role in the thermal evolution of neutron stars.
Our investigation has shown that for two equivalent models, the
one with the inclusion of SRC exhibits a drastically different
cooling behavior. We have tracked the origin of such differ-
ence back to the proton and neutron Fermi momenta and have
shown that for the SRC model there is an increase in the proton
Fermi momentum, accompanied by a reduction of the neutron
one. This leads to approximately the same baryon density but
with a significantly larger proton fraction for the SRC model -
which in turn leads to an early onset of the DU process. This
is reflected in the thermal evolution of SRC stars, which un-
dergo a much faster cooling than their non-SRC counterparts.
We conclude that SRC potentially influence the thermal evolu-
tion of neutron stars, although they do not alter considerably the
macroscopic properties of such objects. As we have shown in
this study, the EoS and consequently the Mass-Radius diagrams
of both the RMF and SRC are largely similar, and yet there is
a significant difference in the thermal evolution of the family
of stars these EOS describe. Further observation of neutron star
cooling may potentially shed some light on the intensity of SRC
in neutron star matter, or equivalently further understanding of
SRC may aid us in improving our comprehension of the cooling
of neutron stars.
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